We present a MEMS process for the fabrication of arbitrary (adaptable to specific aperture geometries) stabilization of silicon nitride membranes to be used as miniature shadow masks or (nano) stencils. Stabilization was realized by the fabrication of silicon nitride corrugated support structures integrated into large-area thin-film solid-state membranes. These corrugated support structures are aimed to reduce the membrane deformation due to the deposition-induced stress and thus to improve the dimensional control over the surface patterns created by stencil lithography. We have performed physical vapor deposition (PVD) of chromium on unstabilized (standard) stencil membranes and on stabilized (corrugated) stencil membranes to test the proposed stabilization geometry. Both the membrane deformation and the surface structures were analyzed, showing reduced deformation and improved pattern definition for the stabilized stencil membranes. The structures have been modeled using a commercial finite element method (FEM) software tool. The simulation and experimental results confirm that introducing stabilization structures in the membrane can significantly (up to 94%) reduce out-of-plane deformations of the membrane. The results of this study can be applied as a guideline for the design and fabrication of mechanically stable, complex stencil membranes for direct deposition.
Introduction
An increased demand for micro-and nanometer scale patterning on "unconventional" surfaces and/or non-IC applications has given rise to new and alternative patterning technologies. These new methods include: indentation of polymers by nanoimprint lithography (NIL) [1, 2] , local deposition of molecules via a stamp by microcontact printing (CP) or soft-lithography [3, 4] , or via dip-pen nanolithography (DPN) [5] , nanoscale fluidic dispensing (NADIS) [6] and localized material deposition through ultra-miniature shadow masks (nanostencils) [7] [8] [9] [10] . The stencil method has the advantage of being a direct vacuum patterning technology, i.e. a controlled amount of material is directly deposited through the stencil apertures without the need for cyclic processing steps used in, for example, resist-based pho-tolithography. An additional advantage of stenciling over other patterning methods is its possible non-contact application avoiding cross-contamination or surface damage in case of fragile surfaces, whereas, for example, NIL relies on a hard contact and CP on a soft contact to transfer the patterns successfully. Recently, we have introduced a process for the fabrication of micro/nanostencils (containing 1 mm × 1 mm membranes) on a full wafer scale (100 mm) using a combination of a DUV exposure tool and standard MEMS processing [11] . This type of stencil allows for direct, resistless patterning of mesoscopic surface structures (200 nm up to several 100 m) at a full wafer scale.
The deposition through stencils suffers, however, from drawbacks such as clogging of apertures and membrane deformation due to the deposition-induced stresses. Clogging occurs when the evaporated material accumulates on top and inside the membrane apertures. This phenomenon changes the shape of the aperture during the deposition process and leads to a distortion of the deposited pattern, eventually resulting in the complete clo- sure of the aperture. Membrane deformation results from high levels of in-plane residual stresses caused by the accumulation of the deposited material on the stencil membrane. Since these stencil membranes can contain arbitrary apertures specified by the need for specific surface patterns, the membrane deformation can locally be more severe, resulting in aperture distortion and an increased gap between the substrate and the stencil. This leads to pattern deformation and blurring, i.e. reduced sharpness of edges and limited spatial detail (Fig. 1b) .
Residual stresses in MEMS structures arise typically from thin film deposition. These stresses can be of a various nature. When a film on a substrate is subjected to a temperature change during the evaporation, differences in thermal expansion coefficients of the two materials (in this case: film and membrane) result in a thermal stress σ th [12] . All other stresses developed during thin-film deposition fall in the category of intrinsic stress σ int . Various physical factors responsible for the intrinsic stress of thin films have been studied [13, 14] . The difference in thermal expansion coefficients and the lattice spacing mismatch are thought to be the dominant sources of deposition-induced stress causing a substantial deformation of micromachined bi-layered structures.
Design and fabrication of corrugated stencil membranes
To overcome or minimize the effects of membrane deformation, we have developed a concept in which we mechanically reinforce and thus stabilize the membrane, exploiting an earlier idea presented by Hammer [15] . The improved micro/nanostencils incorporate in situ, local stabilization structures increasing their moment of inertia, I, which is the structural property directly related to stiffness or deformability. The stabilization is realized by using a corrugated membrane instead of a planar membrane. Table 1 summarizes cross-sections of three different designs of thin cantilevers (unstabilized, silicon supported and corrugated) with there corresponding I values. It is noteworthy that a single 1-m stabilization rim/corrugation results in a four-fold increase of I with respect to that of the unstabilized (planar) membrane. This increase of I can be achieved with only one additional fabrication step with respect to the stencil fabrication process of planar membranes. The fabrication of Si-supported membranes, however, requires more elaborate processing [16] in order to obtain a similar increase in I. This aperture independent local membrane stabilization is introduced in such a way that it does not interfere with the normal stencil deposition process, i.e. the line of sight of the apertures to the material source is not affected by the stabilization (Fig. 1c) . The stabilization allows for the use of larger surface area membranes. We expect to increase the membrane surface area from 1 to 16 mm 2 (currently under investigation). In addition, the spacing required between complex membrane apertures to obtain a stable membrane can be reduced by introducing membrane corrugations, increasing the density of complex apertures. Furthermore, it allows for the application of wet cleaning processes due to the increased stability to withstand treatment and handling in fluidic environments, e.g. avoiding the stiction of slender membrane bodies, and thus an increased reusability of the stencils is obtained.
We have fabricated corrugated stencils by means of a silicon micromachining process. Fig. 2 shows a schematic overview of the fabrication process for corrugated stencil membranes. The process begins (Fig. 2a) by defining the stabilization structures or rims in 1.7-m thick photoresist (S1818, Shipley) by conventional photolithography (MA-150, SUSS MicroTec). The defined structures are subsequently transferred into the topside of the silicon (Si) wafer by inductively coupled plasma (ICP) etching (Alcatel 601E: Bosch process, SF 6 300 sccm pulsed, C 4 F 8 150 sccm pulsed, 20 • C, 1500 W) until a depth of 1, 2 or 4 m. Then, a 500-nm thick low-stress silicon nitride (LS-SiN) is deposited (Fig. 2b) by LPCVD (105 sccm SiH 2 Cl 2 , 27 sccm NH 3 , 135 mTorr, 838.5 • C). The measured residual stress of the SiN layer is measured on wafer-scale by wafer curvature measurements (Tencor, FLX-2900) and is approximately 200 MPa, tensile. Then, the patterns forming the membrane apertures are defined by optical lithography and transferred into the LSSiN by ICP anisotropic etching (Alcatel 601E: C 2 F 6 20 sccm, 20 • C, 1800 W) (Fig. 2c) . The etch windows for the membrane release are defined by optical lithography and transferred into the backside LS-SiN by ICP anisotropic etching (Alcatel 601E: C 2 F 6 20 sccm, 20 • C, 1800 W). The backside patterned LS-SiN (Fig. 2d) forms the etch mask for the subsequent membrane release by potassium hydroxide etching (KOH, 40 wt%, 60 • C) (Fig. 2e) . Fig. 3 shows the cross-sections of corrugated 500-nm thick membranes with different rim heights after being released from the bulk Si. These cross-sections were made using focused ion beam (FIB) milling (FEI Nova 600 Nanolab, XeF 2 gas assisted FIB milling). The cross-sections in Fig. 3 show that the deposited LPCVD SiN membranes have a uniform film thickness and good step coverage of the predefined stabilization structures. Fig. 4 shows a part of a corrugated membrane with apertures meant for the reproduction of nano-electrode circuits currently fabricated using e-beam nanofabrication [17] . The image also demonstrates the possibility of stabilizing arbitrary membrane apertures using various geometries while maintaining a simple stencil fabrication process. 
Characterization of the improved stencil membranes
For the experimental verification of the proposed membrane stabilization geometry, we have designed, microfabricated and characterized a series of cantilever-type corrugated membranes with one to four stabilization rims with heights varying from 1 to 4 m. Both stabilized and unstabilized stencil membranes were then coated with a 50-, 70-or 100-nm thick Cr thin film using electron-beam evaporation (Alcatel EVA 600, 4 × 10 −7 mbar, 0.3 kW, deposition rate: 3-4Å/s). The stencils were placed perpendicular and centered to the evaporation source at a distance of 50 cm. A supplementary reference wafer was used for determination of the thin-film residual stress by wafer curvature measurements (Tencor, FLX-2900). The deposited Cr film was measured to have a residual stress in the range of 1180-1500 MPa depending on the thickness of the deposited layer.
SEM images of deformed membranes after Cr deposition for unstabilized and corrugated cantilevers are presented in Fig. 5a and b, respectively. A gap of 3 m was present between the membrane and substrate. The deflections of the cantilever-type membranes were determined by measuring the maximum outof-plane deflection of each cantilever with respect to the stable part of the membrane surface (reference plane) by both scanning electron microscopy (SEM, LEO 1550) and an optical surface profiler (Veeco, NT1100). Unstabilized stencil membranes show a large deflection, whereas stabilized stencil membranes demonstrate a significantly reduced deformation. For instance, the end of a 300-m long unstabilized cantilever has an out-of-plane deflection of 183 m. A similar cantilever stabilized by one 1-m high rim has a deflection of only 40 and 10.7 m when reinforced by one 2-m high rim. This measured reduction of the out-of-plane deformation indicates an increased stability of 78 and 94% for 1 and 2 m high stabilization rims, respectively. Subsequently, the stencils were removed from the substrate and the surface structures were analyzed by SEM and dynamic force microscopy (DFM). Fig. 6a and b shows images of 45-nm thick Cr surface structures deposited through both an unstabilized stencil membrane (Fig. 6a) and a corrugated stencil membrane (Fig. 6b) . The SEM image and the DFM images in Fig. 6a show a reduced pattern definition and reduced contrast between the deposited Cr and the Si substrate on the side of maximum membrane deflection. The line scan in Fig. 6a shows the pattern edge definition in more detail. The difference between the pattern edge definition on the side of the reference plane and that on the side of the maximum membrane deflection is clearly visible, indicated by a different edge slope (blurring). The SEM image and the DFM images of the surface structures deposited through the stabilized stencil (Fig. 6b) show excellent pattern definition and contrast between the deposited Cr and Si substrate. The line scan in Fig. 6b shows the symmetrical pattern edge definition on both sides indicating a stable membrane. These results confirm that the corrugated membranes significantly reduce the out-of-plane deformation resulting in an improved surface pattern definition due to a reduced gap increase.
FEM simulation study on membrane deformation and stabilization
To constructively design the stabilization of complex apertured stencil membranes (as seen in Fig. 4 ) and develop guidelines for membrane stabilization for future work, we have compared the experimental membrane deformation results with the simulation results of finite elements method (FEM) models. Above-mentioned cantilevers were modeled and simulated with the FEM software tool Coventor [18] . The structures were modeled as bi-layered cantilevers (membrane SiN layer + deposited Cr layer) and their deformation under the deposition-induced stress was simulated. A truly quantitative theory for determination of deposition-induced stresses is yet to be developed. Therefore, experimental measurements remain the only available method of quantifying the stress and the experimentally measured values of biaxial stress of the Cr layers were introduced into the simulations. Because the properties of the deposited thin films in this work have not yet been determined, published values for similar deposition processes for the Poisson's ratio and Young's modulus were used for modeling purposes (Table 2) .
Comparisons between simulated and measured values of the out-of-plane deflection for different cantilever lengths, deposition thicknesses and stabilization types are shown in Figs. 7-9 . The results of the simulation study for the considered geometries of stabilization confirm that a reduction of 80% in out-of-plane deformation can be achieved by introducing a single stabilization rim of 1 m in height. An increase in the number and height of the rims results in a further reduction (up to 96%) in the stress-induced out-of-plane deflection of the cantilever. Both phenomena are best explained by the previously mentioned correlation between the stiffness of the structure and its moment of inertia (Table 1) . Thus, introducing more corrugation rims and/or introducing increased rim heights increase the moment of inertia and therefore reduce the membrane deformation. The graphs indicate a good correlation between simulation and experiments, positively validating the FEM modeling tool as a reliable means of prediction of stress-induced deformation.
Conclusions
Corrugated membranes were fabricated for use as stabilized stencil deposition membranes. The after-deposition deflections of unstabilized and corrugated (stabilized) membrane structures were determined experimentally and by FEM simulations. SEM and DFM images indicate an increased mechanical stability of the membranes and improved pattern definition with stencil lithography. The simulation and experimental results show that introducing stabilization structures in the membrane can significantly reduce (up to 96%) the out-of-plane deformation of the membranes. Good agreement between experimental results and FEM simulations was obtained confirming the FEM tool as a reliable means for modeling the stressinduced deformation. Verified FEM models will be used as guidelines in future work to find optimal stabilization schemes for complex membranes. This will allow resistless nanostencil lithography on large surfaces with improved surface pattern definition. Jürgen Brugger received a PhD degree in 1995 from the University of Neuchatel, Switzerland, for a work on microfabricated tools for the atomic force microscope, which included a one-year period at the Hitachi Central Research Laboratories, Tokyo, Japan. He then joined the IBM Zurich Research Laboratory in Rüschlikon, Switzerland. From 1998 to 2001, he was directing the "NanoLink" Strategic Research Orientations at the MESA+ Research Institute, University of Twente, The Netherlands. In September 2001, he was appointed assistant professor "tenure track" at the EPFL. His main professional interests include the development of new tools for nanoscience and engineering techniques at the mesoscopic length-scale, in particular to develop methods for accessing the nanometer scale (top-down), and to combine them with self-assembly strategies (bottom-up), and to bridge life-science with solid-state devices at the sub-micrometer scale.
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